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Introduction

23
Radio frequency (RF) measurement technique using receiving antennas can be used to 24 detect the radiated energy from PD sources or any other electrical discharge activities, 25 subsequently facilitating the discharge source triangulation. Using a receiving antenna 26 array, which may be arranged in various forms, the time differences of arrival (TDOA) 27 between received signals on each of the respective antennas allows the 3 dimensional 28 position of the electrical discharge source to be deduced by processing of the TDOA 29 values through iterative or non-iterative location algorithms. The location of partial 30 discharges using emitted RF techniques in HV equipment has been widely investigated 31 [1] [2] [3] [4] [5] . Research in this area has been carried out on cables [6-9], gas and air insulated 32 switchgears [10] [11] [12] [13] [14] and transformers [15] [16] [17] . PD location in cables, and to a degree in 33 gas-insulated substation (GIS), is a two-dimensional problem, while internal localisation 34 within power transformers and localisation in three dimensions in wide-area HV 35 substations requires robust computation algorithms [1] .
36
There are two types of computational algorithm which can be used to locate partial 37 discharges in three dimensions; (i) iterative methods and (ii) non-iterative methods. In 38 this study, a non-iterative method was selected due to the large success of these methods These methods have been used in different studies to locate PD [1, [18] [19] . The study in 48 [18] highlighted that the performance of the Taylor expansion method depends on the 49 accuracy of the initial values and the number of sensors, whereas the study by [1] 50 showed that the Newton-Raphson method successfully locates PD and that the location 51 accuracy depends on the arrangement of antennas. Study [19] also used the Newton-
52
Raphson method to locate PD and found that in some cases the algorithm did not The paper is structured as follows: The mathematical formulation of the SLS and
70
Bancroft location algorithms are presented in Section II; Section III presents the 71 methodologies used in the present study; Section IV presents the results of PD location 72 studies using the SLS and Bancroft algorithms respectively (in each case two different 73 antenna arrangements were investigated). For simplification, the simulated PD location 74 data points refer to any electrical discharge source emitting EM wave radiation; Section 75 V compares the characteristics of both the iterative and non-iterative algorithms used;
76
Section VI proposes a new approach to select adequate error bounds and number of 77 iterations using results of the non-iterative methods; Section VII summarises the 78 findings of the study. Where D is distance, v is propagation velocity and t is propagation time. This technique,
85
commonly referred to as 'triangulation', is described by Equation (1): antenna. It should be noted that since the study is a simulation based investigation, the 92 speed of light was considered to be in a vacuum and that this value changes depending 93 on the insulating material.
94
Let the time-of-flight from the PD source to antenna A 1 be T and the time-difference-of-
95
arrival between antennas A 1 and A n (n = 2, 3, 4) be  1n . Equation (1) 
Standard Least Squares (SLS) algorithm 102
Using on the non-linear equations in (2), the position of a PD source (x, y, z) can be 103 computed using the least squares method given in Equation (3). 
Since the aim is to compute the values of x, y and z which minimise S(X), the partial 
113
Substituting p to represent x, y or z, the iterative solution for each coordinate and for T 114 becomes:
Where N is the number of antennae and τ 1i is the TDOA between a signal measured by 
Bancroft algorithm 122
Developed by Bancroft [22] , this algorithm was derived for application to global Each TOA measurement may be expressed as:
Which is equivalent to:
or, in vector-matrix form: Based on equation (13), which relates s to its Lorenzian norm λ, this can be rewritten as:
Taking the Lorenzian norm of both sides of equation (14) results in a quadratic equation Moreover, the computational efficiencies of the algorithms were assessed by calculating 204 the total number of iterations used to achieve converge on the stipulated error bound 205 accuracy. This was repeated for both antenna array configurations.
206
Regarding the non-iterative methods, these are well known for providing precise 
213
Determining the location of PD using non-iterative methods is a more difficult process, 
Standard Least Squares (SLS) algorithm 232
Y-shaped array 233
To ensure converged solutions for all 64 simulated PD locations, sufficient iterations 234 were applied to the SLS algorithm for various error bounds. For the specified error 
Square-shaped array 264
The results obtained using SLS with the square antenna array proved similar to those 
Discussion 280
As shown in Table 2 and Table 3 , which present respectively the effectiveness of the Y 
Y shaped antenna array 305
To evaluate the performance of the two solutions provided by the Bancroft algorithm, 306 the 64 PD positions defined on the simulation grid were computed by the Bancroft 307 algorithm as described in Section 3. Figure 9 presents the number of correct and 308 incorrect location solutions provided by both the positive and negative root. partial results to the 64 simulated PD using one of the roots and that the location of 313 these simulated PD require the investigation of both solutions.
314
The exact position of the located and non-located PD is presented in Figure 10 , where 
Square shaped antenna arrangement 331
Using the square antenna arrangement and the positive root, the Bancroft algorithm obtained. Figure 12 summarises the selection process of valid error bounds and number
394
of iterations used by the iterative methods based on the non-iterative method solutions.
395
It should be noted that the iterative methods may sometimes provide a non-converged 396 solutions which may be due to initial values issue or measurement errors. 
416
Regarding the non-iterative algorithms, it was found that these techniques provide very 
423
A novel approach to select adequate error bounds and number of iterations using results
424
of the non-iterative methods has been established and will contribute considerably to 425 solve some of the iterative method dependencies.
426
In this work, simulations provided an evaluation of the performance of different types 
